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The objective of this study is to apply biophysical fluorescence technique, i.e. 
fluorescence correlation spectroscopy (FCS), in situ in the central nervous system of 
fruit fly (Drosophila melanogaster) embryo to study plasma membrane dynamics.  
We showed that fluorescent proteins exhibited distinct diffusion properties 
depending on different subcellular locations. Then we altered the membrane lipid 
composition by genetic and pharmacological manipulations that should change 
membrane fluidity. The changes in membrane sphingolipid composition or 
microenvironment were reflected in the diffusion behavior of the membrane probes 
employed. To our knowledge, this is the first time that neuronal membrane fluidity 
was being studied in situ in the central nervous system of Drosophila melanogaster 
embryos by FCS. Our approach promises to shed light on the biophysical features of 
cellular membranes in fly mutants or disease models in which membrane dynamics 
or regulation of lipid composition may play a part in the development and 
pathogenesis of diseases, e.g. in neurodegenerative diseases, lipid storage diseases 
and other lipid metabolic disorders. 
Chapter 1 provides an overview of the driving force and motivation for this 
study. The membrane probes used in this work are also introduced. A brief 
introduction of the model organism, Drosophila melanogaster, is also given. 
Chapter 2 introduces the concepts and theory of FCS as well as the 
experimental setup of this instrument. The calibration of the FCS system is also 
discussed. The last part of this chapter presents necessary and critical steps in 
applying FCS to study plasma membrane dynamics such as laser power selection to 
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minimize photobleaching and saturation while obtaining optimal molecular 
brightness for good signal-to-noise ratio, vertical positioning of the focal volume in 
the membrane, neuronal cell selections and treatment of recorded data 
(autocorrelation curves).   
 Chapter 3 describes the procedures of biological sample preparations 
including fly genetic crosses, fruit fly embryo preparation for imaging and 
measurements, and larval primary culture preparation. Necessary steps for the 
success of FCS measurements in fruit fly embryos such as adjustment of the number 
of copies of GAL4 driver and reporter, embryo aging temperature, and the removal 
of autofluorescence interference were also described. 
 Chapter 4 presents the results and discussion of FCS measurements in both 
the fruit fly embryos and in larval primary cultures. The statistical analysis employed 
was discussed. The purpose of these experiments was to compare the mobility of 
membrane probe obtained in situ in embryonic neurons vs. that of neurons obtained 
from larval primary brain cultures.  
Chapter 5 concludes and presents future outlook for plasma membrane 
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Chapter 1 
Introduction 
Cell membranes are complex in composition and are dynamically 
compartmentalized by cytoskeleton and lipid domains (rafts) to coordinate the 
bioactivity of membrane constituents [1, 2]. Cell membranes are no longer thought 
of as a homogenous sea of lipids with randomly arranged membrane proteins but 
are composed of fluctuating nanoscale assemblies of sphingolipids, cholesterol and 
specific proteins (<120 nm in diameter) which have diffusion timescale of tens to 
hundreds of miliseconds [3]. Upon activation, these nanoscale assemblies (also 
called rafts or membrane microdomains) can coalesce to form more stable platforms 
in the functionalized state [1, 2]. Fluorescence correlation spectroscopy (FCS) is a 
sensitive photon counting method to study the biophysical features of the plasma 
membrane. It was first introduced in the 1970s by Magde et al [4] and further 
optimized in the 1990s by Rigler et al [5]. This technique is based on collecting the 
fluorescence intensity fluctuations of molecules passing through a small illuminated 
observation volume. Then by applying a mathematical process called autocorrelation 
analysis to the recorded fluorescence signals, one can extract parameters such as 
local concentrations, molecular mobility and photophysical dynamics of the 
fluorescent molecules. In principle, any processes which cause fluorescence intensity 
fluctuations that are slower than the recording speed of the instrument (between 
nanoseconds to miliseconds) can be studied by FCS. Previous FCS measurements 
showed that membrane raft markers which associate with these nanoscale 
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assemblies displayed slower overall mobility compared to non-raft localizing markers 
in mammalian cell cultures. The disruption of these rafts by cholesterol depletion 
augmented the mobility of raft markers but not those of non-raft markers [6, 7]. 
Most intracellular measurements using FCS are performed in vitro in 2D cell culture 
systems [8-12] and model membranes [13-16]. Although the experimental settings of 
cell lines and model membranes are tightly controlled, their physiological relevance 
remains unclear. The insufficiency of 2D cell culture to mimic physiological tissue is 
exemplified by the deregulation of a receptor which is responsible for virus infection 
in 2D cell culture where the integrity and polarity of 3D organization were disrupted 
[17]. In this regard, it is desirable to extend FCS studies in situ in a model organism 
where cells are embedded in their native 3D environment.   
Herein, we use Drosophila melanogaster embryo as a model to study neuronal 
membrane fluidity. To our knowledge, this is the first time confocal FCS is being used 
to study membrane fluidity in situ in the central nervous system of Drosophila 
melanogaster embryos. A study by Sergent et al. indicated that increased plasma 
membrane fluidity increased the susceptibility of the membrane to oxidative 
damage in hepatocytes isolated from rats [18]. Rao et al also demonstrated that fly 
mutants for dCERT (ceramide transfer protein, which is required for ceramide to be 
transported from Golgi to the plasma membrane) displayed > 70% decrease in both 
ceramide and ceramide phosphoethanolamine (the sphingomyelin equivalent in 
Drosophila) levels, and led to increased plasma membrane fluidity [19]. However, 
their polarization studies were not done in situ but were done in total membranes 
that were extracted from flies. 
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Oxidative stress is widely recognized as being an important factor in the 
pathogenesis of neurodegenerative diseases [20]. Earlier reports showed that brains 
from Alzheimer’s disease (AD) patients contain elevated levels of ceramide 
compared to normal patients [21-24], possibly mediating oxidative stress-induced 
neuronal apoptosis. Including ceramide, other sphingolipids and raft-associating 
lipids, like sphingomyelin, gangliosides and cholesterol also strongly affect amyloid 
precursor protein (APP) processing for amyloid β-peptide (Aβ) generation, which is 
responsible for the formation of senile plaques in the brain of AD patients [25-27].  
About 75% of human disease genes have a highly homologous direct equivalent in 
Drosophila melanogaster [28, 29]. This makes the fruit fly (Drosophila melanogaster) 
an ideal model system to study the biophysical features of neuronal plasma 
membranes since a wealth of genetic resources is available for introducing nearly 
any gene in any desired tissue or specific cells such as particular neurons. The 
nervous system of Drosophila has been thoroughly described throughout its 
development and each motor neuron has a stereotyped position, connectivity, and 
identity [30].  With the UAS-GAL4 system of inducible gene expression [31], we can 
express fluorescently tagged membrane probes and simultaneously manipulate 
membrane lipid composition in a spatially and temporally controlled manner in 
Drosophila. Hence, this allows us to study the changes in neuronal plasma 
membrane fluidity due to genetic manipulations of membrane lipid compositions.  
As in mammals, membrane lipids in Drosophila melanogaster preserve the 
biophysical properties necessary for membrane domain formation, i.e. sphingolipids 
have longer and more saturated fatty acids than those of phospholipids [32]. 
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Rietveld et al showed that the membranes of Drosophila embryos contain detergent 
resistant membrane fractions (DRM) which are also rich in sterols, sphingolipids, 
glycosphingolipids and glycosylphosphatidylinositol-linked proteins similar to 
mammalian cells, allowing us to study raft related processes in Drosophila embryos. 
It is often necessary to use embryos as an experimental object when studying the 
phenotypic consequences of genetic mutations, as certain mutations are potentially 
devastating or lethal in later stages. Unlike the mammalian plasma membrane, the 
Drosophila membrane contains phosphoethanolamine ceramide (PE-cer) as the 
major constituent instead of sphingomyelin (PE-cer has phosphoethanolamine as the 
head group, instead of the phosphocholine head group in SM) [32].  Despite having 
shorter fatty acyl chains (the longest being C18), Drosophila phospholipids contain 
the same head groups as mammalian cells (phosphoethanolamine, phosphocholine, 
phosphoserine and phosphoinositol). Drosophila’s sphingolipids also contain a 
shorter acyl chain on the sphingoid base than those in mammalians. The reason for 
this may be that Drosophila being cold-blooded maintains a body temperature 
comparable to that of their surroundings, i.e. 18-25 °C. 
In our study, we use a putative raft protein, rat flotillin-2 which was C-terminally 
tagged with a fluorophore, EGFP [33], as a membrane raft probe. It has been 
extensively studied as a raft localized marker in Drosophila. Flotillin is ubiquitously 
expressed and evolutionarily conserved among species. This protein is involved in 
various cellular processes such as epidermal growth factor receptor signalling, 
regulation of the actin cytoskeleton and cell-matrix adhesion [34, 35]. Interestingly, 
Schneider et al reported a role of flotillin-2 in APP processing [36]. They showed that 
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siRNA downregulation of flotillin-2 impaired APP endocytosis and reduced Aβ 
production. Flotillin-2 formed noncaveolar micropatches (domains) in both neuronal 
and nonneuronal cells, and immunostaining of cells required permeabilization of the 
membranes, suggesting inner leaflet localization [33, 37] or that it is embedded in 
the plasma membrane. It was shown that flotillin-2 required both lipid modifications 
(myristoylation and multiply palmitoylation) and oligomerization to be in the DRM 
[33]. The fluorophore, EGFP, enabled genetic labelling of proteins (in this work, 
flotillin-2) in a selective and specific manner. This membrane raft marker was used 
by us to study the effect of manipulating lipid composition on membrane fluidity in 
motor neurons of Drosophila embryos.  
As a comparison, we used another membrane probe that is not known to be 
specifically raft-localized, to show the difference in diffusion behaviour on the 
membrane. For this, we used the common membrane marker, mCD8 that was C-
terminally tagged with EGFP, which is often used to label cell populations in 
Drosophila. mCD8 is a full length alpha polypeptide of the mouse lymphocyte protein 
CD8 [38, 39] and a member of the immunoglobulin supergene family [40]. It is 
thought to function as a T cell receptor corepressor to negatively regulate T cell 
activation [41]. It is a transmembrane protein consisting of a signal peptide sequence, 
an N terminal external domain, a hinge region nearest to the membrane, a 
hydrophobic transmembrane segment, and a basic intracytoplasmic tail [38]. Besides 
flotillin, it is the only membrane marker being stably expressed in the flies in our 
studies. Like human CD8, the homodimers of mouse CD8 alpha chains did not 
associate with the DRM fractions isolated from mouse cell lines [42, 43], suggesting 
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that CD8 in mammals is a non-raft localizing protein. Assuming CD8 behaves similarly 
in flies, we used this construct as a non-raft membrane probe in this study. 
Here, the stage-16 Drosophila embryos shortly post-completion of central nervous 
system development were dissected and cells of interest i.e. motor neurons in the 
ventral nerve cord were exposed for FCS measurements. With a suitable promoter, 
we were able to express fluorescent proteins in motor neurons which were situated 
very close to the cover glass. This minimized spherical aberration and refractive 
index mismatch as these effects became more severe with increasing focal depth. 
Autocorrelation curves obtained from the membrane and cytoplasm showed 
diffusion times that correspond to the probes’ subcellular locations, with membrane 
localized protein showing longer diffusion time than those freely diffusing in the 
motor neurons. In this project, we demonstrated the application of FCS in Drosophila 
embryos, showing that it was possible to use confocal FCS to measure reliably the 
characteristic diffusion behaviour of fluorescent proteins, and that this diffusion 
behaviour depended on subcellular location. 
It was important before beginning the genetic experiments that we first established 
that FCS could be used to measure mobility of GFP expressing markers in situ in 
Drosophila embryos, and that differently localized proteins behaved in a manner 
specific to their subcellular localizations. After successfully describing this, we used a 
suitable promoter and the UAS-GAL4 system to attempt to introduce genetic 
changes which should affect the membrane lipid composition in Drosophila embryos 
in a specific and predictable way. In order to achieve this, we expressed neutral 
ceramidase (CDase) [44, 45] and neutral sphingomyelinase (SMase) in specific motor 
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neurons. These genes in the fly are the homologs of their mammalian sphingolipid 
catabolyzing counterparts. Ceramidase is an enzyme which catalyzes the hydrolysis 
of ceramide to sphingosine. Ceramide is the simplest form of sphingolipid and was 
shown to promote clustering of nanoscale domains in supported lipid bilayers [46] 
and in cells during death signalling [47]. A neutral ceramidase homologue in 
Drosophila which localizes on the third chromosome was first reported by Yoshimura 
et al [48]. Transgenic flies which overexpress the ceramidase enzyme exhibited high 
neutral ceramidase activity and decreased ceramide levels [44].  A neutral 
sphingomyelinase homologue also exists in Drosophila which has been described to 
hydrolyze phosphoethanolamine ceramide, the sphingomyelin homologue, to 
release ceramide (FlyBase and Julie Saba, personal communication). P-element 
insertions in this gene are available but have not been characterized. Here, we use 
the EY00448 line which contains a P-element insertion in this gene at the sequence 
location 3,220,873 on the left arm of the third chromosome (FlyBase). Liquid 
chromatography Mass Spectrometry (LCMS) carried out by Dr. Kate Osborne 
(postdoc in Dr. Kraut’s lab) together with our collaborator Dr. Sarita Hebbar in the 
lab of Dr. Dominik Schwudke (NCBS, Bangalore) showed that this insertion 
moderately increased total ceramide levels in Drosophila larval brains compared to 
those without it (data not shown) suggesting overexpression of functional SMase. Dr. 
Osborne in our laboratory also prepared our own SMase construct which exhibited 
much higher total ceramide levels in brain upon overexpression, suggesting further 
increased SMase activity than the EY00448 line (preliminary TLC results not shown). 
In our studies, these treatments resulted in differences in membrane fluidity which 
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were reflected in the changes of diffusion behaviour of rflotillin-2-EGFP and mCD8-
EGFP. We also manipulated the membrane composition and mobility by 
pharmacological manipulations using methyl-β-cyclodextrin (mβCD) and latrunculin 
A. However, these treatments were only done for the study using rflotillin-2-EGFP. 
mβCD is able to extract cholesterol (including other sterols) from fly neurons [6] 
whereas latrunculin A disrupts the actin cytoskeleton thus releasing membrane 
lipids/proteins from constraints that are imposed by physical barriers due to 
membrane contacts to actin fibrils. Both cholesterol removal and actin 
depolymerisation could alter the mobility of lipid raft probes in rat and human 
neuronal cells [6, 49], making these good proof of principle experiments for us. We 
also compared in situ FCS measurements from the top (nearer to ventral side of the 
embryo) and bottom (nearer to the dorsal of the embryo) embryonic neuronal 
plasma membranes and found that the general fluidity differed significantly between 
these two membranes, without any genetical interference of lipid composition. We 
suspect that this in situ membrane fluidity difference in embryos could be due to 
neuronal apical-basal polarity. FCS measurements in larval primary cultures after 
applying the same genetic manipulations of membrane lipid composition as in 
embryos showed no difference in membrane fluidity. Possible factors such as altered 
gene expression pattern [50], different cytoskeletal make-up, and cell identity 






Theory and methods 
2.1. Fluorescence Correlation Spectroscopy 
FCS was first demonstrated in 1972 by D. Magde, E. L. Elson and W. W. Webb [4] to 
monitor the binding reaction between ethidium bromide and DNA. The principle of 
FCS is based on detecting fluorescence fluctuations as fluorescent particles diffuse in 
and out of an illuminated observation volume. Although FCS was applied successfully 
to study this chemical reaction, the early FCS measurements suffered from poor 
signal-to-noise ratio due to technical limitations. The breakthrough in FCS only came 
in 1993 when Rigler et al. introduced a small pinhole in the image plane of their  
confocal microscope illumination configuration and used a strongly focused laser 
beam to produce a femtoliter-size observation volume [5]. The pinhole limited the 
detection volume in the axial direction and blocked out-of-focus fluorescent light, 
thereby provided axial resolution. The diffraction limited spot ensured that 
fluorescence fluctuations from a small number of fluorophores (<10) were large 
enough to yield good signal-to-noise ratio. Any processes which cause variations in 
the fluorescence fluctuations could be studied by FCS, for example translational 
diffusion, conformational changes, flow, photophysical processes or photochemical 
reactions of fluorophores. The recorded fluctuations contain information which 
could be extracted by performing an autocorrelation analysis to produce an 
autocorrelation function (ACF). The experimental ACF can then be fitted with a 
theoretical ACF model to determine local concentrations, diffusion coefficients, rate 
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constants of inter- or intramolecular interactions of fluorescently labelled probes. As 
FCS is a versatile method, it has been applied to study various molecular dynamic 
processes [51-58]. There are also more advanced types of FCS such as fluorescence 
cross-correlation spectroscopy, total internal reflection FCS, two focus FCS, scanning 
FCS, and single plane illumination FCS, each with its own advantages providing 
flexibility to researchers to answer different scientific questions. In this study, a 
standard confocal FCS setup was used for all measurements and its theory was being 
discussed.  
2.1.1. The FCS Concept and Autocorrelation Analysis 
The probability of finding a discrete number of molecules in the focal volume is 
governed by Poisson statistics as shown below [59] 
           (2.1) 
where P(n,N) is the probability of n fluorophores present in the focal volume when 
the average number of molecules is N. When N = 0.5, the probability of detecting no 
fluorophore in the focal volume, i.e. P(0,0.5), is 61 %. The probability of detecting 1 
molecule in the focal volume is 30 % and for 2 molecules it is 8%. With increasing 
average number, the probability of detecting few molecules decreases drastically. 
Hence, it is important to keep the concentration and focal volume small enough in 
order to detect few molecules so that the contribution of each to the measured 
fluorescence signal is substantial. In Poisson statistics, the variance is equal to the 
mean value. Therefore, the standard deviation (σ) is equal to the square root of the 
mean value. Although it is important to minimize the number of molecules 
( ),
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occupying the focal volume, this has to be balanced against the fact that the 
measured signal should still be higher than the background noise. The signal-to-noise 
ratio is the ratio of mean value to standard deviation of the measured fluorescence 
signals.  
           (2.2) 
In a rule of thumb, the average number of molecules should be between 0.1 and 
1000 [60].  As the fluorophores diffuse in and out the focal volume, there are 
fluctuations in the detected fluorescence intensity over a period of time t due to 
changes in the occupation number. The fluorescence fluctuations over a given period 
of time, δF(t), around the temporal average of the signal are defined by the given 
formula:  
           (2.3) 
where F(t) is the detected fluorescence intensity and <F(t)> is the average 
fluorescence intensity. The fluorescence signal ( )F t  and its fluctuations ( )F tδ  are 
functions of brightness η , excitation intensity profile ( ),I r collection efficiency 
function ( )CEF r  and concentration of fluorophore ( , )C r t or local concentration 
fluctuations of  fluorophore ( , )C r tδ   over space r  and time t: 
( ) ( ) ( ) ( , )F t I r CEF r C r t drη= ⋅ ⋅∫
   
      (2.4) 
( ) ( ) ( ) ( , )F t I r CEF r C r t drδ η δ= ⋅ ⋅∫
   
      (2.5) 
( ) ( ) ( )F t F t F tδ = − 〈 〉





The brightness η  is a product of fluorophore absorption cross-section, its quantum 
yield and the overall detection efficiency of the instrument. The intensity profile of 
the focused laser beam is approximated as a three-dimensional Gaussian [5]. 
( )CEF r is a measure of the spatial detection efficiency of the instrumental setup. 
The intensity fluctuations due to local concentration fluctuations of the fluorophore 
throughout the focal volume ( , )C r tδ  can be induced by the diffusion of 
fluorophores in and out of the focal volume, e.g. through Brownian motion. However, 
any processes that affect the time-dependent fluorescence fluctuations could be 
studied using FCS. These intensity fluctuations contain information which can be 
extracted by analysing the rates and the amplitudes of the intensity fluctuations and 
subjecting them to an autocorrelation analysis. The normalized autocorrelation 
function (ACF) is written as: 
           (2.6) 
 
which describes the self-similarity of a signal in time. The derivation on the right is 
based on the assumption that the statistical properties of the process are 
independent of time. The ACF can also be written in terms of intensity fluctuations 
δF(t) by inserting Eq. (2.3) into Eq. (2.6), we get:  
 
           (2.7) 
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Here, ( ) 0F tδ = , i.e. the average of the intensity fluctuations over time is zero. This 
expression describes that intensity fluctuations, δF(t), at time t from the excited 
fluorophores in the focal volume is autocorrelated with itself after a delay time τ, i.e. 
δF(t+τ). As the delay time τ increases, the signals correlate less and less, eventually 
decay to 1 at infinite τ. Substituting Eq. (2.4) and Eq. (2.5) into Eq. (2.7), the 
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       
   
 (2.8) 
where r  is the position of the fluorophore at time t and r′ is its position at time t + τ. 
The ( , )C r t in the denominator is equal to C as the average concentration of 
fluorophore integrated over the focal volume is constant. Hence Eq. (2.8) can be 
rewritten as: 
( )22
( ) ( ) ( ) ( ) ( , ) ( , )
( ) 1
( ) ( )
I r I r CEF r CEF r C r t C r t drdr
G
C I r CEF r dr
δ δ τ
τ





       
  
  (2.9) 
where C is the average concentration of fluorophore. The details of the integration 
have been reported [61, 62]. Eq. (2.9) can be used to derive theoretical correlation 
functions for any processes which induce intensity fluctuations. Depending on the 
excitation and collection efficiency of a setup and the type of process, Eq. (2.9) can 




2.1.2. Theoretical ACF models           
For a confocal FCS setup using a focused laser beam and a pinhole in the image plane, 
the spatial intensity distribution of the focal volume is approximated by a three-
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= and is the excitation intensity of the laser at the centre of the laser 
beam with laser power P. ow and oz are the radial and axial distances of the laser 
focus, respectively, at which the fluorescence intensity decreases to 1/e2 of its 
maximal value at the centre.  
Considering a case of pure diffusion of a single component in three dimensions, the 
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Substituting Eq. (2.10) and Eq. (2.11) into Eq. (2.9) gives: 
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The integration gives the following function: 
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            (2.13) 
where 3/2 2o ow zπ  is the effective volume (
3/2 2
eff o oV w zπ= ) of the observed region [61] 
and D is the diffusion coefficient of the fluorophore.  
For practical purposes, the single component 3D diffusion function is simplified and 
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= .                    (2.18) 
Here N is the average number of molecules in the focal volume; dτ  is the average 
time the fluorophore requires to diffuse through the laser focus (diffusion time); k is 
the structure parameter of the Gaussian detection volume and is usually between 3 
to 8; G∞ is the convergence value of ( )G τ at long delay times and should be 1, 
indicating that the correlation between the initial and the variable value at infinite 
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time has been lost. Introducing G∞  as a free parameter improves the quality of fits. 
If there is photobleaching, G∞  deviates strongly from 1. This phenomenon can be 
directly observed from the exponential decay of fluorescence signals during 
measurement [64, 65]. Other problems such as instability of the setup or sample 
movement could also cause G∞  to deviate from 1.  
The amplitude of the ACF for pure diffusion at (0)G is inversely proportional to the 
average number of molecules in the focal volume: 
1(0)G G
N ∞
= +                    (2.19) 
Eq. (2.19) shows that the average number of fluorophores in the focal volume can be 
determined from the intercept of an experimental autocorrelation curve at 0τ = . In 
order to determine the concentration of a fluorophore using Eq. (2.15), one should 
use a standard dye with a known diffusion coefficient (D) to determine ow and oz of 
a particular setup. The diffusion coefficient which is independent of any instrumental 
parameters can be accurately determined by other techniques. The standard dye is 





before starting any measurements.  
Hitherto, we assume that the fluorophore’s fluorescence properties are constant 
while diffusing through the focal volume. In reality, this is not necessarily true and 
other photophysical processes of the fluorophore can cause additional fluctuations 
in the fluorescence signal. One common phenomenon is intersystem crossing of the 
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fluorophore from singlet excited state to the first triplet excited state which is a 
forbidden transition. Its relaxation time is usually in the submicron time range, which 
can be distinguished from the slower diffusion time in the experimental ACF. To 
account for this additional phenomenon, a function that describes triplet state 
kinetics can be expressed as [51, 66]:  
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where τtrip is the triplet state relaxation time; Ftrip is the fraction of the particles 
which entered the triplet state. Multiplication of this function with the basic 
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            (2.21) 
The 3D_1p1t theoretical ACF model is used to fit experimental ACF curves of freely 
diffusing single component in solution as in the case of calibration measurements or 
measurements of one type of fluorescent probe in the cytoplasm of cells. If there is 
additional fast photophysical process, Eq. (2.20) can be used to describe any 
reversible nonradiative transitions between dark and bright states. 
If there are multiple species of fluorophores with different brightness diffusing in a 
























∑                 (2.22) 
where iα is the ratio of fluorescence yield of particle i to the fluorescence yield of 
particle 1, iF  is the mole fraction of species i in the sample and 3 i i i iD x y zg g g g= . 
For a 2-dimensional diffusion comprising two types of diffusing particles (i.e. 
different diffusion coefficients) but same brightness (same species of fluorophore) 
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     (2.23) 
Here 2 i i iD x yg g g= , F2 is the fraction of the second particle; 1dτ  and 2dτ  are the 
diffusion times of the first and second particle respectively. In this work, the 2D_2p1t 
theoretical ACF model is sufficient for fitting ACF curves from membrane 
measurements of a single type of fluorescent probe with one in the membrane plane 
and the other as internalized vesicles. As the nucleuses of motor neurons are 
generally large, internalized vesicles in the cytoplasm were confined within the space 




2.2 FCS Instrumentation 
Confocal imaging was done using a commercial laser scanning confocal microscope 
(LSCM) FV300 (Olympus, Tokyo, Japan). For all FCS measurements in this thesis, the 
LSCM was coupled with an additional FCS module on top of the scanning unit [68]. 
This coupling allows accurate selection of the desired measurement position in cell 
through confocal imaging [69]. Fig. 2.1 shows the schematic drawing of a confocal 
FCS instrumental setup. The fluorescent probe, EGFP, was excited using an Argon ion 
488nm laser line (Melles Griot, NM, USA). The laser beam which was coupled into 
the microscope was controlled by an acoustic optical tunable filter to adjust to the 
desired laser power. The beam of the excitation light was expanded before being 
reflected by an excitation dichroic mirror (488/543/633) into a 60X NA 1.2 water 
immersion objective (Olympus) to created a small diffraction limited focal volume 
(less than 1 femtoliter) in the sample. The emitted fluorescent light from the sample 
was collected by the same objective, transmitted through the same excitation 
dichroic mirror, and passed through a 150 µm-size pinhole which was placed in the 
image plane to block out-of-focus light. A custom-built emission beam slider allowed 
one to direct the light to either the LSCM FV300 photomultipliers for confocal 
imaging or the avalanche photodiode (APD) detector for FCS measurements. For FCS 
analysis, a 510AF23 band-pass emission filter (Omega Optical, Brattleboro, USA) was 
placed in front of the APD detector to further block spurious excitation light. The 
APD detector collects photons and converts them into electronic signals. 
Autocorrelations were computed online by a hardware correlator (Flex02-01D, 
Correlator.com, Bridgewater, NJ) by increasing the size of the time bins semi-
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logarithmically. The autocorrelation curves were fitted with the Levenberg-
Marquardt algorithm using a self-written program in Igor Pro (WaveMetrics, Lake 
Oswego, OR) [68]. The algorithm is an iterative process which minimizes the sum of 
the squares of the deviations between the fitted theoretical ACF against the 








2.3 System Calibration 
Calibration for flotillins-2-EGFP: 
Before starting each experiment (e.g. one embryo for one experiment), the size of 
the focal volume was calibrated using a reference dye. Atto488-carboxylic acid 
(Sigma) with a known diffusion coefficient of 4.0x102 µm2/s was used in this work 
(The DAtto488 value was obtained from 
http://www.picoquant.com/technotes/appnote_diffusion_coefficients.pdf). The dye 
solution was prepared by diluting it in 1X PBS into nanomolar concentration at room 
temperature. Calibration was done using an Argon ion laser (Melles Griot) at 488 nm 
with laser power of 20 µW. The focal volume was positioned in the dye solution 
about 50 µm above the cover glass bottom of the FluoroDish. For each calibration, 
about 10 autocorrelation curves were recorded with measurement time of 20 
seconds each. The experimental ACF was fitted with 3D_1p1t ACF model Eq. (2.21). 
The brightness of the dye can be calculated by dividing the average fluorescence 
intensity with the average number of molecules in the focal volume: 
( )F t
N
η =                       
(2.24) 
This parameter was used to indicate the quality of calibration of the setup. 
Brightness, η , is defined as photon counts per molecule per second (CPM in kHz). 
The correction collar of the objective was adjusted to get the maximal brightness to 
account for spherical aberrations caused by different cover glass thicknesses [70]. 
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and dτ  values were 6.6 ± 1.6 and 37.1 ± 2.4 µs 
respectively. Using Eq. (2.17), this gives an average beam waist radius of the focal 
volume, ow , of 243 ± 8 nm. Since the size of the focal volume is known from 
calibration measurement, the diffusion coefficient (D) of a sample can be inferred 
from the autocorrelation curve:  









=                  (2.25)                                 
Calibration for mCD8-EGFP and subcellular location study: 
The size of the focal volume was calibrated using a reference dye, fluorescein 
(Invitrogen) with a reported diffusion coefficient (D) of 4.25 x 102 µm2/s [71]. The 
dye solution was prepared by diluting it in 1X PBS into nanomolar concentration at 
room temperature. Calibration was done using an Argon ion laser (Melles Griot) at 





and dτ  values were 
6.1 ± 3.1 and 44.7 ± 5.2 µs respectively. Using Eq. (2.17), this gives an average beam 
waist of the focal volume, ow , of 275 ± 15.9 nm. Measurements for mCD8-EGFP shall 
be repeated in the near future using Atto488-carboxylic acid, the same reference dye 
used for rflotillins-2-EGFP. However, the relative difference in mobility for 
fluorescent probes measured using a setup calibrated by the same dye is useful 




2.4 Application of FCS to Study Plasma Membrane Dynamics 
To perform FCS measurements, lower laser power was used to minimize 
photobleaching as photobleaching introduces artifacts in FCS measurements [70]. 
The chosen laser power before passing through the objective was ~2 µW for 
rflotillin-2-EGFP. This excitation power was well below the established threshold 
value for EGFP diffusion in PBS buffer before the effects of photobleaching and 
saturation become pronounced [72]. In addition, this value is high enough for 
optimum brightness of the fluorophore as the signal-to-noise ratio of FCS is 
determined by this parameter [73]. The chosen laser power for rflotillin-2-EGFP 
yielded acceptable average molecular brightness [70] of ~ 2.1 kHz CPM and ~3.5 kHz 
CPM in Drosophila embryos and primary cultures respectively. The laser power used 
for mCD8-EGFP and cytoplasmic EGFP was ~30 µW. Unlike rflotillin-2-EGFP, minimal 
photobleaching was observed for mCD8-EGFP and cytoplasmic EGFP using this 
excitation power. This excitation laser power was sufficient to show distinctive 
diffusion behaviour between membrane-bound mCD8-EGFP and cytoplasmic EGFP 
freely diffusing in the cell. However, the diffusion time of membrane-bound mCD8-
EGFP may be underestimated as preliminary results of mCD8-EGFP using lower laser 
power yielded longer diffusion time (data not shown). Nevertheless, the results 
presented here under different membrane lipid compositions should give us an idea 
of what to expect when the measurements are repeated in the near future. The 
average molecular brightness of membrane-bound mCD8-EGFP and cytoplasmic 
EGFP were ~4.3 kHz CPM and ~6.6 kHz CPM respectively.  
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Most of the FCS measurements were performed on the membrane most distal from 
the cover glass bottom (i.e. the ventral-most membrane according to the orientation 
shown in Fig. 3.7) unless otherwise stated. One of the most important aspects of 
membrane measurement is correct positioning of the focal plane with respect to the 
membrane plane [74].  With the help of confocal imaging (laser power ~30 µW), 
neurons which were not covered by axons projecting across the membranes were 
chosen so that the focal volume could be positioned on flat areas of the membranes. 
This is important as description of fluorophores confined in axons or small, quasi-
cylindrical neurites would require more sophisticated ACF models. For example, 
Gennerich et al showed that description of particle motion within neuronal dendrites 
required a modified diffusion model where the standard ACF model failed 
completely [75]. To start the measurement, the focal volume was first positioned in 
the cell and then the laser was switched on (for example, ~2 µW for rflotillin-2-EGFP). 
Subsequently, the z-position of the focal volume was adjusted towards the 
membrane to be measured by turning the fine knob of the microscope till the 
maximum brightness was found. The maximum brightness can be recognized by 
visual inspection of the real time fluorescence intensity trace which gives the largest 
intensity fluctuations. Positioning of the focal volume based on maximum molecular 
brightness instead of maximum intensity is a better option for minimizing systematic 
overestimation and errors in diffusion coefficient determination [76]. Each 
measurement time was 30 seconds and 20 seconds for rflotillin-2-EGFP and mCD8-
EGFP respectively. 3 FCS measurements were done successively on the same spot in 
a single neuron. After measurement (n =3), we checked that the laser focus was 
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indeed on the membrane plane with confocal imaging. FCS measurements were 
completed within 1-2 hours after each embryo dissection. Individual recorded ACF 
curves were sorted to exclude the presence of bright and slow diffusing aggregates 
that can cause severe distortion to the autocorrelation curves [77]. Strong 
deformation of the ACF curves at large delay time, τ, due to instability of the system 
such as movement, or slight displacement of the laser focus during measurements 
that appeared in the correlation curve as additional slow dynamics were also 
excluded from analysis. ACF curves with less than 0.5 kHz CPM were excluded from 
analysis (in average ~3.6 % of total measurements) to ensure reliable curve fitting. 
The mCD8-EGFP result in Table 4.1 was treated differently from the rest where ACF 
curves with less than 1 kHz CPM and particle number more than 10 were excluded 
from analysis. The initial idea was to ensure factors such as background noise and 
possible aggregation due to high particle number do not affect the results. However, 
the conclusion drawn in subcellular localization studies did not alter even if the data 
were treated the same like the rest. The ACF curves were fitted with the 2D_2pt1 
model (Eq. 2.23).  
As the diffusion time, τD, is sensitive to membrane topology and is characteristic of 
the microenvironment in which the probe resides, it can be used to show the relative 
differences in membrane fluidity/viscosity. The viscosity of the environment affects 
the diffusion coefficient of a fluorescent particle as shown by the Stokes-Einstein 






=                     (2.26)
           
where kB is Boltzmann’s constant; T is the absolute temperature; η is the viscosity of 
the medium; r is the hydrodynamic radius of the fluorescent particle. Hence, the 
environment of the fluorescent molecules, i.e. membrane vs. cytoplasm or different 

















Biological Sample Preparation 
3.1 Genetic crosses for Fruit Fly (Drosophila melanogaster) Embryos 
3.1.1 Recovering Meiotic Crossover of RRa Driver and rFlotillin-2-EGFP Reporter  
Genetic crossover of the driver, RRa-Gal4 [78] and the reporter, UAS-rFlotillin-2-EGFP 
[33] on the third chromosome was recovered. Fig. 3.1 shows the fly genetic crosses 
for recovering crossovers after genetic recombination. Roman numerals in 
parentheses denote the chromosome number. ♀, virgin females; ♂, males; +, 
wild type allele;  RRa, evenskipped-GAL4 driver which drives expression in aCC and 
RP2 motor neurons; UAS, upstream activating sequence; rFlot2-EGFP, rat flotillin-2 
attached with EGFP at the C terminus; Sco, Scutoid; CyO, Curly of Oster with curly 
wings phenotype; MKRS, a balancer with stuble bristle phenotype; TM6B, a balancer 
where larvae, pupae and adult flies are shorter and thicker than wild type. CyO, 
MKRS and TM6B are balancer chromosomes. Balancer chromosomes are usually 
homozygous lethal, carry dominant markers for recognisability, and suppress genetic 
recombination between homologous chromosomes during meiosis. Scutoid is a gene 
with loss of bristle phenotype. Homozygotes of scutoid are nearly lethal with 
escapers being short lived and sterile.  
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In step (ii) of Fig.3.1, Drosophila females with the genotype 
















Fig. 3.1: Genetic crosses for recovering crossover of RRa driver and rFlotillin-2-EGFP 
reporter on the third chromosome after genetic recombination. 
 
Meiotic recombination only happens in Drosophila females and not males. The 
distance between the genetic loci of the driver and reporter on the third 
chromosome were unknown. Thus, we expected most of the gametes produced to 
be parental with few gametes being recombinant (i.e. RRa and UAS-rFlotillin-2-EGFP 
on the same chromosome arm). Since flies with single copy of the driver and 
reporter gave eye colour of orange and light orange respectively, we selected flies 
with the darkest orange eye colour so that the probability of getting flies which 
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- 2 -


















(iii)  , 2 -( ); ( )
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(iv)                                                 , 2 -( ); ( )
6
CyO RRa rFlot EGFPII III
TM B+
  
                                                          Mate with each other at 1:1  
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carried both the driver and reporter was higher. In step (iii), at least 40 Drosophila 
males with dark orange eye colour and supposedly the genotype 
, 2 -( ); ( )
6
CyO RRa rFlot EGFPII III
TM B+
were crossed individually with one female that 
carried balancer chromosomes. In step (iv), flies with the genotype 
 , 2 -( ); ( )
6
CyO RRa rFlot EGFPII III
TM B+
 were crossed individually with each other. 
Recombinant larvae were screened by dissection and then observation of their 
brains under a fluorescence microscope (see Fig. 3.2).  
 
Fig. 3.2: Fluorescence image of a larval brain from third instar larva with genotype 
RRa,rFlotillin-2-EGFP/RRa,rFlotillin-2-EGFP (III). b, brain lobes; vnc, ventral nerve cord; 
and the central nervous system is outlined by a white line. 
 
3.1.2 Diffusion Behaviour in Different Subcellular Locations 
To study the diffusion behaviour of fluorescent probes in different subcellular 
locations of the Drosophila embryo, the membrane-bound mCD8-EGFP [38, 39] and 
the cytoplasmic UAS-EGFP [79] were used. The mCD8-EGFP reporter was already 
combined with RRa driver on the same chromosome arm in our laboratory. The 
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genetic crosses in Fig. 3.3 were necessary so that progenies with single copy of both 
driver and reporter were used. By using a single copy of driver and reporter, the 
expressions of fluorescent probes were kept low enough for the success of FCS 
measurements. Embryos from the crosses were dissected for FCS measurements.  
Embryos with genotype RRa/UAS-EGFP (III) produced freely diffusing EGFP in the 
cytoplasm and nucleus of aCC and RP2 motor neurons. Roman numerals in 
parentheses denote the chromosome number. ♀, virgin females; ♂, males; +, 
wild type allele;  RRa, evenskipped-GAL4 driver which drives expression in aCC and 
RP2 motor neurons; UAS, upstream activating sequence; mCD8-EGFP, mouse 








Fig. 3.3: Genetic crosses for the study of diffusion behaviour in different subcellular 
locations of the Drosophila embryo. (a) Genetic cross for generating progenies with 
single copy of RRa driver and membrane-bound UAS-mCD8-EGFP reporter. (b) 
Genetic cross for generating progenies with single copy of RRa driver and 
cytoplasmic UAS-EGFP reporter. FCS measurements of mCD8-EGFP were performed 
on the membrane most distal from the cover glass bottom. 
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3.1.3 Diffusion Behaviour in Plasma Membranes with Different Lipid Composition 
The following fly genetic crosses were used to generate progenies with different 




















Fig. 3.4: Genetic crosses for rflotillin-2-EGFP to generate embryos with different 
membrane lipid composition. FCS measurements were performed on the membrane 
most distal from the cover glass bottom.       
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The embryos of the crosses were dissected for FCS measurements. By using a single 
copy of driver and reporter, the expressions of fluorescent probes were kept low 
enough for the success of FCS measurements. The actin filaments were 
depolymerised with latrunculin A (10 µM, Merck) which was solubilised in DMSO 
(Sigma). Each dissected embryo was preincubated for 30 minutes with latrunculin A. 
The final volume of medium was 1 mL with 0.1 % of DMSO. FCS measurements were 
performed in the presence of the drug. Roman numerals in parentheses denote the 
chromosome number. ♀, virgin females; ♂, males; +, wild type allele;  RRa, 
evenskipped-GAL4 driver which drives expression in aCC and RP2 motor neurons; 
UAS, upstream activating sequence; rFlot2-EGFP, rat flotillin-2 attached with EGFP at 
the C terminus; nSMase, neutral sphingomyelinase; CDase, ceramidase. Fig. 3.5 
shows the genetic crosses for FCS measurements of rflotillin-2-EGFP on the 
membrane nearest to the cover glass bottom. The cholesterol was depleted with 
mβCD (5 mM, Sigma) which was solubilised in deionised water. Each dissected 
embryo was preincubated for 30 minutes with mβCD with the final volume of 
medium as 1 mL. FCS measurements were performed in the presence of the drug. 
Fig. 3.6 shows the fly genetic crosses for mCD8-EFP to generate progenies with 
different membrane lipid composition. The nSMase EY00448 line which 
overexpressed neutral sphingomyelinase was from the Bloomington Stock Center 
and the Baylor gene disruption project directed by H. Bellen [80]. The UAS-
Ceramidase (II) was generously provided by J. Acharya and U. Acharya [44]. The 














Fig. 3.5: Genetic crosses for rflotillin-2-EGFP for FCS measurements on the bottom 
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Fig. 3.6: Genetic crosses for mCD8-EGFP to generate embryos with different 
membrane lipid composition. FCS measurements were performed on the membrane 




3.2 Embryo Preparation for FCS Measurements  
Embryos were first collected onto an embryo collection plate at ~25 °C for 2 hours 
and were then left to age at 18 °C for an average 23.2 ± 0.6 hours until stage 16 
(stages according to Campos-Ortega and Hartenstein) [81], at which time formation 
of the embryonic nervous system is nearly complete. Aging of embryos at lower 
temperature was necessary to decrease the fluorescent protein (reporter) 
expression level to one suitable for FCS measurement. The temperature sensitive 
UAS-GAL4 system allows one to module protein expression level by raising or 
lowering the surrounding temperature at which the embryos develop.  
Drosophila embryos were dissected to avoid light scattering and distortion of the 
focal volume by extraneous tissues, and strong autofluorescence interference from 
the gut (Fig. 3.7). To do this, stage 16 Drosophila embryos (staged by identification of 
the characteristic three bulges in the midgut) were spread onto double-sided sticky 
tape and manually dechorionated with the help of fine tweezers. Dechorionated 
embryos were aligned on an agar with their ventral sides facing up. The orientation 
of the embryos is shown in the enlarged picture of Fig. 3.7 (i.a). A strip of double-
sided sticky tape was cut and placed on the cover glass bottom of a FluoroDish 
(World Precision Instruments, Sarasota, USA). The agar with the aligned embryos 
was placed on a cylindrical object. The embryos were transferred to the double-
sided sticky tape on the FluoroDish as shown in Fig. 3.7 (ii). The embryos were thus 






Fig. 3.7:  Drosophila embryo preparation for FCS measurements. The aCC/RP2 motor 
neurons where GFPs are expressed via eve-Gal4[82] sit less than 5 µm away from the 
glass surface after mounting for FCS measurement. This minimizes the effect of 
spherical aberration due to tissue interposed between the lens and the cell of 
interest. (b) Enlarged schematic diagram showing the arrangement of aCC/RP2 
motor neurons within the central nervous system of stage-16 embryo. FCS 
measurements were done on the upper and bottom membranes of aCC/RP2 motor 
neurons. The bottom membranes of aCC/RP2 motor neurons are neither surrounded 
by other neuronal cells nor sticking on the cover glass bottom (see Fig. 4.1). 
 
Before dissecting the embryo, the FluoroDish was gently filled with 4 ml of 
haemolymph-like solution (HL3) [83] containing 0.1 units/ml of insulin (human 
recombinant insulin, Sigma). An immersed embryo was dissected in the dissecting 
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medium at room temperature and the gut was removed with a pulled 1.2 mm 
capillary needle. Only the stage 16 embryo was dissected. The dissected embryo was 
flipped over and stuck onto the cover glass beside the sticky tape, with the help of a 
second blunt needle. The embryo was not lifted above the surface of the dissecting 
medium, as this caused dispersion of the tissue. The dissected embryo was stuck 
firmly onto the glass to avoid drift with respect to the cover glass bottom. The nerve 
cord of the embryo faced downward towards the cover glass bottom for FCS 
measurement. This approach placed the aCC and RP2 motor neurons less than 5 µm 
away from the glass surface (see Fig. 4.1). 
In order to show that the motor neurons were still alive at the time of FCS 
measurements, we did control experiments using a live/dead stain (SYTOX Green). 
SYTOX Green does not penetrate living cells and only freely enter cells with 
compromised plasma membrane barrier to bind the nucleic acids [84]. This stain has 
large fluorescence enhancement with nucleic acid binding, and low but measurable 
nonspecific binding. The concentration of SYTOX Green used was 10 µM to avoid 
suboptimal loading of permeabilized membranes. Fig. 3.8 shows the confocal images 
of aCC motor neurons in dissected Drosophila embryos before and after labelling 
with 10 µM SYTOX Green stain. The neurons were viable within 4 hours after 






Fig. 3.8: Confocal images of aCC motor neurons in dissected Drosophila embryos 
before and after labeling with 10 µM SYTOX Green stain. Embryos with double 
copies of RRa-mCD8-EGFP were collected at 22 ºC for 1 hr and were then left to age 
in covered embryo collection plates at the same temperature for 16 hrs. The stage 
was adjusted in the Z-direction before taking the images. (i) Just after dissection but 
before adding SYTOX green. (ii) After incubation for 1 hr with SYTOX Green. (iii) After 
incubation for 2 hrs with SYTOX Green. (iv) After incubation for 3 hrs with SYTOX 
Green. (v) After incubation for 4 hrs with SYTOX Green. (vi) After incubation for 5 hrs 







3.3 Primary Culture Preparation for FCS Measurements 
3.3.1 Genetic crosses for Drosophila Larvae 
Fig. 3.8 shows the Genetic crosses for generating larvae with different membrane 
lipid composition. Roman numerals in parentheses denote the chromosome number. 
♀, virgin females; ♂, males; +, wild type allele;  C155, elav-GAL4 driver which 
drives expression in the whole central nervous system [85]; UAS, upstream activating 











Fig. 3.9: Genetic crosses for rflotillin-2-EFP to generate larvae with different 
membrane lipid composition. FCS measurements were performed on the membrane 
most distal from the cover glass bottom. 
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3.3.2 Primary culture preparation from larval brains 
For each FCS measurement, ~10 third instar larvae were collected in 1X PBS and 
washed twice in 70 % ethanol, and then 3 times in sterile distilled waters [86]. 
FluoroDish with 23 mm diameter cover glass bottom was washed with 70 % ethanol, 
wiped with kimwipe and then washed 3 times with sterile distilled water. The dish 
was air-dried at the culture hood for an hour and left under UV light for another 
hour. To precoat the FluoroDish, 0.01 % of poly D-Lysine solution (Sigma) was added 
onto the surface of the cover class bottom. After 30 minutes, the dish was washed 3 
times with sterile distilled water and air-dried at the culture hood.  
Larvae were dissected on a sterile glass slide in M3+BPYE medium [87] 
supplemented with fetal bovine serum (10 %), insulin (10 µg/ml), penicillin G (50 
units/ml), and streptomycin sulphate (50 µg/ml). The larvae were dissected to obtain 
the brains while other parts like the fat tissues, mouth hook, and imaginary disks 
around the brains were removed. Each brain was washed with the same medium 
and transferred together with 10 µl of the solution to a sterile 1.5 ml eppendorf tube. 
The eppendorf tube was kept cold at 4 °C in ice. After collecting 10 larval brains, they 
were washed 3 times with 200 µl of sterile-filtered HL3 containing 10 µg/ml of 
insulin. The brains were then incubated with 200 µl solution of 0.5 mg/ml 
collagenase type I (Sigma) for 30 minutes. After collagenase treatment, the brain 
fragments were pelleted by centrifugation at 1000 rpm for one minute, and then 
washed with 200 µl of HL3 supplemented with insulin (10 µg/ml).  The pelleting and 
washing steps were repeated for another 2 times.  After discarding the washing 
solution, 10 µL of fresh HL3 supplemented with insulin (10 µg/ml) was added into 
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the tube. The tissue solution was repeatedly pipetted up and down to further 
dissociate the tissue. Another 20 µL of fresh HL3 supplemented with insulin (10 
µg/ml) was added into the same tube. The pipetting procedure was repeated again 
until the tissue solution became cloudy and the brain structures can’t be seen 
anymore. Another 80 µL of fresh HL3 supplemented with insulin (10 µg/ml) was 
added into the same tube and mixed well. 100 µl of the cell suspension were plated 
in the middle of the poly D-Lysine precoated FluoroDish. Cultures were incubated in 
humid chamber at room temperature for one hour. After one hour, the medium was 














FCS Study in situ in Fruit Fly (Drosophila melanogaster) 
Embryo and Primary Cultures  
4.1 Statistical Analysis 
We used the two-tailed Student’s t-test to determine whether two sample means 
were significantly different from each other. The differences were considered 
significant if the p value is less than the threshold chosen for statistical significance, 
i.e. p < 0.05 or < 0.01. This means that the probability that the difference is due to 
chance is less than 0.05 or 0.01. We assumed that the samples were selected from 
an approximately normal distribution since the average sample size was large (i.e. 
100) with the least being 30. If the two samples have unequal sample sizes, the t 
statistic is given by  [88]: 
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where t is the t statistic, s is the sample standard deviation, n is the sample size, x  is 
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If the calculated t value is greater than the t value from the Student’s t distribution 
table at the appropriate degree of freedom and chosen level of significance (we used 
α=0.01 and 0.05), the difference was considered significant. If the variances of the 
two samples are equal, the degree of freedom can be calculated as:  
1 2. .2 2D F n n= + −                               (2.28) 
If the variances of the two samples are unequal, the degree of freedom can be 
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The normality assumption could be checked using graphical tools such as histogram 
or box plot. In this work, we showed the full data plot where the presence of an 
outlier or multiple outliers can be easily detected (Fig. 4.4). Data deviated more than 
3 standard deviations from the mean value were excluded from statistical analysis 
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and classified as outliers. According to the 68-95-99.7 rule, 99.7 % of the values are 
within 3 standard deviations of the mean when the data distribution is 
approximately normal. Another statistical test called extreme studentized deviate 
(ESD) test was also used to identify outlying observations. The ESD is reliable when 
the sample size, n ≥ 25 [88]. The ESD is based on the t distribution and has the power 
in detecting the presence of one or multiple outliers in a sample. The ESD test allows 
us to determine whether the highest, the lowest, or more of the observations are 
statistical outliers. It is generally recommended to adopt a low significance level such 
as 1 % (or 0.01 level) when applying statistical test to detect outliers in samples [89]. 







=                    (2.30) 
where ix  is the value suspected of being an outlier, x  is the sample mean, , and s is 
the sample standard deviation. The calculated ESD for value i was then compared to 
the tabled critical value at the prespecified level of significance (here, we used 
α=0.01). If the calculated ESD is larger than the critical value at 0.01 significant level, 
this means that an observation as large as value i would occur by chance with 
probability less than 0.01 and thus the doubtful value represents an outlier. In cases 
of large samples, multiple outliers are usually present and may inflate the value of 
sample standard deviations, making it difficult to detect outliers statistically. This 
masking effect can be problematic when using Eq. 2.30. Due to the masking problem, 
the sample mean and standard deviation were recomputed for Eq. 2.30, omitting 
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scores which were more extreme (that gave larger ix x−  values) than the suspected 
value which was being evaluated [88]. For values of n not found in the ESD table, the 
significant level (α) for ESD can be estimated as follow: 
( )( )












− −                  (2.31) 
where t is the t statistic, n is the sample size, and ESDcalc is calculated using Eq. 2.30. 
Using the t value from Eq. 2.31, the corresponding p value was looked up in the 
Student’s t distribution table at the appropriate (n – 2) degree of freedom. Since p = 
1-[α/(2n)] [90], the corresponding α was multiplied with n to get the approximate 
significance level (α) for ESD. Alternatively, the excel formula =TDIST(T,DF,2) can be 
used to obtain α using the t value calculated from Eq. 2.31 , and then multiplication 
with n to obtain more accurate α values of ESD. We used the tabled critical values 
for ESD from reference [90]. The ESD test generally identified more outliers than the 
68-95-99.7 rule. Nevertheless, the conclusions we drew about whether the mean 
difference was significant or not were the same using either the 68-95-99.7 rule or 
the ESD test to exclude outliers. In this work, we only reported the sample means, 
standard errors of the mean, and standard deviations that were calculated with 






4.2 Distinct Diffusion Properties in Different Subcellular Locations 
We did FCS measurements in Drosophila embryo expressing either membrane-
bound mCD8-EGFP or cytoplasmic EGFP. Our approach (Fig. 3.7) placed the 
fluorescent protein expressing motor neurons (which were driven by RRa-GAL4 
driver) closest to the cover glass bottom, i.e. less than 5µm away from the glass 
surface. Fig. 4.1 shows the X-Y, X-Z, Y-Z cross-sectioning display of aCC and RP2 
motor neurons that were mounted for FCS measurements. Our approach removed 
extraneous tissues and the strongly autofluorescent gut but retained the three 
dimensional scaffold of the ventral nerve cord. FCS measurements of membrane-
bound mCD8-EGFP were done on the membrane most distal from the cover glass 
bottom (ventral most according to the orientation shown in Fig. 3.7).  
 
Fig. 4.1: X-Y, X-Z, Y-Z cross-sectioning display of aCC and RP2 motor neurons in a 
dissected stage-16 embryo that was mounted on the cover glass bottom of a 
FluoroDish. The embryo was expressing the membrane-bound mCD8-EGFP 
(homozygote). A: X-Z, Y-Z cross-sectioning display of aCC motor neurons. B: X-Z, Y-Z 
cross-sectioning display of RP2 motor neurons. Scale bar=5µm.  
 
Fig. 4.2 shows the typical ACF curves of cytoplasmic EGFP and membrane-bound 
EGFP in Drosophila embryos. The differently localized fluorescent proteins gave 
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different diffusion rates. Fluorescence images of motor neurons are shown in the 
insets of Fig. 4.2 A,B. The background noise in the insets of Fig. 4.2 A,B was due to 
elevated sensitivity of the LSCM detector to detect lowly expressed fluorescent 
proteins. Under normal settings for confocal imaging, the fluorescence expression 
was not visible. The characteristic two-row alignment of the fluorescent motor 
neurons ensured that measurements were done on the desired neurons. The results 
in Table 4.1 showed that we could measure the diffusion behaviour of fluorescent 
protein markers in situ in Drosophila embryo, reflecting their subcellular locations. 
The diffusion time of membrane-bound mCD8-EGFP was obviously much longer than 
those of cytoplasmic EGFP.  
 
 
Fig. 4.2: ACF curves of FCS measurements in different subcellular localizations in the 
Drosophila embryo. (A) Autocorrelation and fitting curves of cytosolic EGFP in motor 
neurons, shown together with fitting residuals and intensity traces. Experimental 
curves were fitted with 3D 1 particle 1 triplet model (Eq. 2.21). Scale bar = 10 µm. (B) 
Autocorrelation and fitting curves of membrane-bound mCD8-EGFP in motor 
neurons. Experimental curves were fitted with 2D 2 particles 1 triplet model (Eq. 





Genotypes EM n τd ± SD (ms) 
D ± SD 
 (µm2 s-1) 
RRa, mCD8-EGFP (III)
+
 6 70 24.3±14.6 1.08±0.76 
RRa (III)
UAS-EGFP
 1 30 0.23±0.03 85.2±11.7 
Table 4.1: Diffusion coefficients of mCD8-EGFP and cytoplasmic EGFP measured in 
different subcellular locations. Calibrations were performed with fluorescein dye 
with reported diffusion coefficient of 4.25 x 102 µm2/s [71]. EM, number of embryos 
used; n, sample size; τd, diffusion time; SD, standard deviation; SEM, standard error 
of the mean; D, diffusion coefficient; UAS, upstream activating sequence; +, wild 
type allele; RRa, evenskipped-GAL4 driver which drives expression in aCC and RP2 
motor neurons. Roman numerals in parentheses denote the chromosome number. 
 
4.3 FCS Study on Neuronal Membrane Dynamics in situ in Drosophila 
melanogaster Embryo and Larval Primary Cultures 
We genetically manipulated the membrane sphingolipid composition in Drosophila 
embryos only in specific neurons where the membrane probes were expressed. The 
interference of sphingolipid metabolism was done by overexpression of the 
ceramidase and sphingomyelinase (SMase) enzymes using the UAS-GAL4 system. 
Ceramidase hydrolyzes ceramide to sphingosine while SMase hydrolyzes 
sphingomyelin to ceramide. Chiantia et al showed that  additions of SMase or 
physiological amount of ceramide to 
sphingomyelin/dioleoylphosphatidylcholine/cholesterol supported bilayers 
increased the membrane viscosity of the liquid-disordered domain [91]. 
Concurrently, these treatments also induced the formation of ceramide-enriched 
phase which exhibited much higher viscosity than the usual cholesterol-enriched 
liquid-ordered phase. Interestingly, a previous group reported that digestion of 
sphingomyelin with exogenous SMase reduced the amount of cholesterol in the 
DRM of rat astrocytes [92]. It was then proposed by Megha and London that the 
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displacement of sterol by ceramide is due to competition for association with rafts 
[93]. They showed that both natural and saturated synthetic ceramide selectively 
displaced sterols from rafts in lipid vesicles containing co-existing liquid-ordered and 
disordered domains. Literature also reported that DRM association of flotillins was 
resistant to cholesterol depletion [6, 94]. So the association of flotillin-2 with rafts in 
live cells may not be affected by ceramide-induced sterol displacement. Our results 
showed that the diffusion of flotillin-2-EGFP was significantly altered by 
overexpression of the sphingolipid metabolizing enzymes. Diffusion of flotillin-2-
EGFP was slowed down with overexpression of SMase (i.e. longer diffusion time) but 
speeded up with overexpression of ceramidase (Fig. 4.3). We also manipulated the 
membrane composition by pharmacological manipulations. We used latrunculin A to 
disrupt the actin cytoskeleton of the neurons. Mammalian cells formed filopodia-like 
protrusions when flotillin-2 was overexpressed, suggesting its linkage to actin 
cytoskeleton [33]. Increasing evidence indicates that membrane raft dynamics could 
be regulated by actin-binding proteins through obstruction and hydrodynamic 
friction [49, 95, 96]. Hence, disruption of the actin cytoskeleton could directly affect 
the anchoring of proteins which are linked to the cytoskeleton or enlarge the space 
available for diffusion [49]. Here, the diffusion of flotillin-2 was sped up significantly 
after latrunculin A treatment. Methyl-β-cyclodextrin (mβCD) has been frequently 
used by researchers to extract cholesterol from cell membranes. However, 
cholesterol constitutes not more than 3 % of total sterols in Drosophila [32, 97]. 
Nevertheless, mβCD was able to extract other sterols from fly neuronal cells [6]. 
Ergosterol which is the most abundant sterol in Drosophila, and other sterols such as 
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campesterol and sitosterol were shown to be more efficient than cholesterol at 
ordering acyl chain in bilayer studies [98, 99], a necessary criterion for inducing 
liquid-ordered phase formation. Hence, sterols extraction from the plasma 
membrane of Drosophila embryo may disrupt the organization of lipid rafts. We 
measured the mobility of flotillin-2-EGFP in the bottom membrane of motor neurons 
(nearest to the cover glass bottom). The bottom membranes were not sticking to the 
cover glass bottom (Fig. 4.1) and were in direct contact with the aqueous mounting 
medium and hence the cholesterol extracting drug, mβCD. Control measurements 
on the bottom membranes in the absence of mβCD were done for comparison. 
There was no significant difference between the control (bottom membrane) and 
those treated with mβCD (Fig. 4.3). Flotillin may be a subset of raft probe that were 
enriched in DRMs that were resistant to mβCD treatment [6, 94].  
Interestingly, the mobility of flotillin-2-EGFP in the top membrane (52.4 ± 3.2 ms) 
was significantly slower than that of the bottom membrane (30.9 ± 1.6 ms) in the 
absence of genetical or pharmacological manipulations of membrane lipid 
composition. The difference may be due to apical-basal polarity of the neurons since 
neurons are usually highly polarized. The top membrane (that was surrounded by 
other neurons) and bottom membrane (that was exposed to the mounting medium) 
may have intrinsic regional differences in membrane composition. We also did FCS 
measurements in Drosophila primary cultures that were prepared from the whole 
brain of larvae. The mobility difference that was observed in embryos was not found 
in primary cultures. Overexpression of ceramidase did not alter the mobility of 
flotillin-2-EGFP in the neuronal membranes of primary cultures. In fact, primary 
50 
 
cultures lost their differentiated gene expression pattern after being removed from 
their native 3D structure [50]. Other possible factors such as cell identity differences 
and different cytoskeletal make-up that could affect membrane composition may 
swamp the differences in membrane fluidity. Fig. 4.4 shows the full data points of 
flotillin-2-EGFP in all the samples under different conditions. The results of flotillin-2-




Fig. 4.3: The average diffusion times ± standard error of the mean (SEM) of rflotillin-
2-EGFP in Drosophila embryos and larval primary cultures under different conditions. 
The significance was determined by two-tailed Student’s t-test. Significance was set 
at *p<0.05, & **p<0.01. a: Compared to embryos with genotype RRa,rFlo2-EGFP/+ 
(Top membrane). Top membrane refers to the ventral most membrane while 
bottom membrane refers to the dorsal most membrane according to the orientation 
shown in Fig. 3.7. FCS measurements in primary cultures were done on membranes 
most distal from the cover glass bottom. n.s., not significant; rFlot2-EGFP, rflotillin-2-








Fig. 4.4: Distribution of rflotillin-2-EGFP diffusion times (within 3 standard deviations 
of the mean) in Drosophila embryos and larval primary cultures under different 
conditions. The mean values (black dots) and corresponding standard errors of the 
mean (SEM) were superimposed on the data points. Data points highlighted in blue 
were identified as outliers by ESD test. However, exclusion or inclusion of those 
points did not alter the conclusions drawn. Top membrane refers to the ventral most 
membrane while bottom membrane refers to the dorsal most membrane according 
to the orientation shown in Fig. 3.7. FCS measurements in primary cultures were 
done on membranes most distal from the cover glass bottom. rFlot2-EGFP, rflotillin-
2-EGFP; nSMase, neutral sphingomyelinase; CDase, ceramidase; +, wild type allele; 










Table 4.2: Diffusion coefficients of rflotillin-2-EGFP measured in Drosophila embryos 
and larval primary cultures under different conditions. Calibrations were performed 
with Atto488 dye with diffusion coefficient of 4.0x102 µm2/s . All FCS measurements 
were done on membranes most distal from the cover glass bottom unless otherwise 
stated.  EM, number of embryos used; n, sample size; τd, diffusion time; SD, standard 
deviation; SEM, standard error of the mean; D, diffusion coefficient; rFlot2-EGFP, 
rflotillin-2-EGFP; UAS, upstream activating sequence; +, wild type allele; RRa, 
evenskipped-GAL4 driver which drives expression in aCC and RP2 motor neurons; 
C155, elav-GAL4 driver which drives expression in the whole central nervous system 







Genotypes EM n τd ± SD 
(ms) 
τd ± SEM 
(ms) 




 13 148 52.4 ± 38.9 52.4  ± 3.2 0.30±0.06 
UAS-nSMase RRa, rFlo2-EGFP(II); (III)
+ +
 11 115 67.9 ± 61.1 67.9 ± 1.1 0.20 ± 0.05 
UAS-CDase RRa, rFlo2-EGFP(II); (III)
+ +




with latrunculin A treatment 









with mβCD treatment 
(bottom membrane) 
6 109 35.3 ± 23.0 35.3 ± 2.2 0.46±0.15 
Primary cultures: 
C155  + UAS-rFlo2-EGFP(I); (II); (III)
+ + +
 NA 176 57.3 ± 45.5 57.3 ± 4.3 0.26± 0.04 
Primary cultures: 
C155 UAS-CDase UAS-rFlo2-EGFP(I); (II); (III)
+ + +





Fig. 4.5: The average diffusion times ± standard error of the mean (SEM) of mCD8-
EGFP in Drosophila embryos under different conditions. The significance was 
determined by two-tailed Student’s t-test. Significance was set at *p<0.05, & 
**p<0.01. Top membrane refers to the ventral most membrane according to the 
orientation shown in Fig. 3.7. nSMase, neutral sphingomyelinase; EY00448, fly line 
from Bloomington Stock Center; CDase, ceramidase. 
 
In addition, we also studied the diffusion behaviour of the membrane non-raft probe, 
mCD8-EGFP, in embryos with different membrane lipid composition. We 
overexpressed ceramidase and sphingomyelinase in specific neurons. Fig. 4.5 shows 
the results of mCD8-EGFP, showing that it behaved differently from rflotillin-2-EGFP. 
Both ceramidase and SMase overexpression sped up the diffusion of mCD8-EGFP. 
The EY00448 line of SMase moderately increased the total ceramide level in 
Drosophila larval brains compared to those without it whereas the SMase construct 
which was used for rflotillin-2-EGFP exhibited much higher total ceramide levels in 
larval brain upon overexpression (data not shown). Hence, the relative difference of 
sphingomyelin and ceramide levels due to overexpression of SMase may be different 
for mCD8-EGFP compared to that of rflotillin-2-EGFP. In addition, Lee and others 
showed that mCD8-EGFP was evenly distributed outside every nucleus and is a 
nuclear membrane marker when expressed in neurons [100]. Nevertheless, 
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contribution of fluorescence signal from the nuclear membrane to the 
autocorrelation curve could be minimized by good system calibration and correct 
positioning of the focal volume on the plasma membrane. Fig. 4.6 shows the full data 
points of mCD8-EGFP in the samples under different conditions. The results of 




Fig. 4.6: Distribution of mCD8-EGFP diffusion times (within 3 standard deviations of 
the mean) in Drosophila embryos under different conditions. The mean values (black 
dots) and corresponding standard errors of the mean (SEM) were superimposed on 
the data points. Data points highlighted in blue were identified as outliers by ESD 
test. However, exclusion or inclusion of those points did not alter the conclusions 
drawn. Top membrane refers to the ventral most membrane according to the 
orientation shown in Fig. 3.7. nSMase, neutral sphingomyelinase; EY00448, fly line 
from Bloomington Stock Center; CDase, ceramidase; +, wild type allele. Roman 















 10 114 40.9±42.6 40.9±4.0 0.48±0.13 
RRa, mCD8-EGFP (III)
UAS-nSMase EY00448
 4 48 30.4±22.2 30.4±3.2 0.76±0.22 
UAS-CDase RRa, mCD8-EGFP(II); (III)
+ +
 6 52 23.9±17.0 23.9±2.4 1.02±0.32 
  
Table 4.3: Diffusion coefficients of mCD8-EGFP measured in Drosophila embryos 
under different conditions. Calibrations were performed with fluorescein dye with 
reported diffusion coefficient of 4.25 x 102 µm2/s [71]. All FCS measurements were 
done on membranes most distal from the cover glass bottom.  EM, number of 
embryos used; n, sample size; τd, diffusion time; SD, standard deviation; SEM, 
standard error of the mean; D, diffusion coefficient; UAS, upstream activating 
sequence; +, wild type allele; RRa, evenskipped-GAL4 driver which drives expression 














Chapter 5  
Conclusion and Outlook 
5.1  Conclusion 
In this study, we showed that membrane dynamics could be studied in situ in 
Drosophila embryos using FCS. Fluorescently tagged proteins with distinct subcellular 
localizations in Drosophila embryos were distinguishable by FCS measurements. In 
addition, genetic backgrounds that altered sphingolipid content led to differences in 
membrane fluidity in Drosophila embryonic neurons, and this was detectable by FCS 
measurements. Pharmacological treatment which disrupted the actin cytoskeleton 
and altered the diffusion property of the raft probe (rflotillin-2-EGFP) employed was 
in agreement with its role in the regulation of actin cytoskeleton in mammalian cells. 
However, cholesterol extraction did not affect the diffusion behaviour of rflotillin-2-
EGFP in fly embryo. Our studies showed that the raft probe (rflotillin-2-EGFP) and 
non-raft probe (mCD8-EGFP) exhibited subtle differences in diffusion behaviour in 
response to the same genetical manipulations of membrane lipid composition. 
Additional measurements for mCD8-EGFP need to be done before any reliable 
conclusions for this probe could be made. FCS measurements in larval primary 
neurons displayed no significant changes in membrane fluidity though it was not the 
case in embryos with the same genetic manipulations of sphingolipid content. The 
regional difference in membrane fluidity (i.e. in the top and bottom membranes) in 
the Drosophila embryonic neurons suggested in situ differences of membrane 
composition, possibly due to apical-basal neuronal polarity. Therefore, in situ 
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membrane measurement by FCS or other FCS related methods in Drosophila embryo 
should be more physiological relevant than cell cultures for the analysis of fly 
mutants or disease models in which membrane dynamics or regulation of lipid 
composition may play a part in the development and pathogenesis of 
neurodegenerative disorders.  
 
5.2  Future Outlook 
Deregulation of lipids has been implicated in lipid storage diseases and 
neurodegenerative diseases [27, 101]. Studies conducted by Grimm et al showed 
that mutations in presenilin (PS) that have been linked to familiar AD [102], resulted 
in increased nSMase activity and decreased SM levels [103]. When nSMase activity 
was inhibited, Aβ secretion in both mouse embryonic fibroblast (MEF) and COS7 cells 
were reduced. In addition, the APP C-terminal fragment C99 and SM accumulation 
were observed in COS7 cells due to reduced γ-secretase cleavage. They 
demonstrated that physiologically relevant concentration of Aβ42 (soluble form) 
directly activates nSMase and downregulates SM levels, whereas Aβ40 inhibits 
HMGR activity. Further studies by Grimm et al showed that the membrane fluidity in 
DRM fractions isolated from MEF cells that were devoid of both PS1 and PS2 strongly 
decreased [104]. These results indicate a role of Aβ in lipid homeostasis [25] that 
may affect membrane fluidity in vivo in living cells.  
In Drosophila model, ceramidase played an important role in regulating vesicle 
fusion and trafficking at the synapses [45]. Ceramide was found to be particularly 
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enriched at both embryonic and larval synapses. Interestingly, there were other 
reports about ceramide affecting the biophysical properties of membranes though 
the measurements were done in vitro. Silva et al investigated the biophysical 
properties of microsomal brain lipids isolated from ceramide synthase 2 null mice 
which were unable to synthesize C22-24-ceramides [105]. They found that the 
membrane fluidity of vesicles prepared from microsomal brain lipids increased 
significantly. Rao et al (previously mentioned in the introduction) showed that 
plasma membrane isolated from Drosophila melanogaster which lacked functional 
ceramide transfer protein, displayed decreased ceramide level and increased fluidity 
[19]. Hence, these reported evidences seem to support our results in Drosophila 
embryo in that overexpression of ceramidase (and thus, decreased ceramide level) 
generally increased membrane fluidity. 
Recently, there were reports about potential Drosophila model for AD which 
expresses human Aβ42 in the fly brain using the GAL4-UAS system [106, 107]. The 
overexpression of Aβ42 in the fly brain induced phenotypes that mimicked the 
pathological phenotypes found in AD patients. Hence, it would be interesting if we 
can investigate the in situ plasma membrane dynamics in this Drosophila AD model. 
In principle, our approach promises to shed light on the biophysical properties of 
cellular membranes in Drosophila disease models of neurodegenerative diseases, 
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